In order to make full use of well logging information to accurately predict the fracture distribution of carbonate reservoir, we use several log curves to comprehensively identify and delineate the structural fractures, dissolved fractures and sutured fractures of different occurrences, scales and geneses in the North Truwa oilfield of the Pre-Caspian Basin in Kazakhstan. The resistivity differenceratio method may be used to identify high-angle fractures. The 3-porosity ratio method, which tends to be affected by dissolved pores and vugs, is applicable to low-angle fractures and microfractures. By using each single method separately, only 54.8% of fractures on the average may be identified. The comprehensive probability density method which integrates the above two methods improves the accuracy of fracture identification to 73.6% as per the validation of core and imaging logging data. Fracture distribution in the study area is dominated by sedimentation, structure and diagenesis. In the lateral direction, the structural highs and areas with intense karstification may demonstrate high fracture probability density and thus areinterpreted to be rich in structural and dissolved fractures. In the vertical direction, more fractures may occur in the brittle intervals with small shale and gypsum contents. The results of fracture prediction are consistent with the sedimentary diagenesis of carbonate reservoirs, indicating that the method is feasible to predict the fracture.
Introduction
It is challenging to characterize the fractures in carbonate formations. Carbonate fractures may be delineated in the perspective of genesis and geometry by using seismic, logging and stress data (Lai et al., 2017; Ameen et al., 2012; Kazatchenko et al., 2007) . In a field with a number of wells drilled, fracture characterization tends to be accomplished by using logging methods, such as the method of Wavelet Transform (Dong et al., 2013 ) which obtain the high-frequency weak signal of fracture in logs by means of wavelet decomposition and reconstruction, Matrix index method (Sun et al., 1999) which identify the fracture by calculating the acoustic skeleton index and the density skeleton index and constructing the rendezvous skeleton index, 3-porosity ratio (Gong et al., 2007; Luo et al., 2001) which characterize fracture development by density, neutron and acoustic plot, fractal dimension method (Tang et al., 2012) which determine the fractal dimension that reflects the complexity of fracture reservoir by multiple mesh encryption, and resistivity difference-ratio (Yan et al., 2009; Cai et al., 2003) which characterize fracture development by the difference ratio of deep and shallow resistivities. But the accuracy of the methods is related to fracture geometry, occurrence and scale, especially when only a single method is used to identify multigeometry multi-occurrence fractures of complex origins. A solution is comprehensive identification by using a combination of various log curves. We make a case study on the North Truwa oilfield at the east margin of the Pre-Caspian Basin in Kazakhstan. The objective is to improve fracture characterization by analyzing fracture signatures and the capability of existing methods and finding improved methods with conventional log curves.
Materials

Geological setting
The North Truwa oilfield tectonically lies in the eastern slope of the Zharkamys-Enbek palaeohigh at the east margin of the Pre-Caspian Basin in Kazakhstan. It is a faulted anticlinal structure whichextends in the NE direction and is bounded by a NEstrike boundary fault on the east (Fig. 1) Due to the elevation of the whole area before Permian deposition, the layer A at the top experienced differential denudation and early deposited carbonate rocks were exposed to the leaching process of atmospheric water (Wang et al., 2012) . Lithologies vary with sedimentary environment and change from grainstone in the open platform to dolomitic limestone and limy dolostone to dolostone, gypseous dolostone and gypsum rocks in the evaporate platform ( Fig. 2) 
Structural fractures
Structural fractures are common in the study area due to the effect of tectonic stress. Fracture surface is flat or distributes in en-echelon ( Fig. 3a) . Two groups of fractures with different occurrences may co-exist ( Fig. 3b) . These fractures vary greatly from large fractures which could be identified on seismic sections to small fractures which could be identified on cores and imaging log curves to microfractures which may only be observed by using a microscope ( Fig. 3c) . Fracture dip Angle is widely distributed from 10 to 90 ( Fig. 3d ).
Dissolved fractures
Dissolved fractures surface is irregular and fracture width is in the range of 0.1-5 mm. Both large fractures and microfractures could be inspected ( Fig. 3e, f corroded and enlarged by acidic fluids at the late stage ( Fig. 3g ). Fluids usually flowed through fractures; thus dissolved fractures are often associated with structural fractures.
Sutured fractures
According to the core observation, most sutured fractures are opened and filled with crude oil; this means the existence of sutured fractures is important to oil accumulation and flow. Sutured fractures exhibit various occurrences, including intra-stratal lowangle sutured fractures, vertical sutured fractures and high-angle oblique sutured fractures. A single or a group of sutured fractures may be examined ( Fig. 3h) . Dissolved fractures may also occur together with sutured fractures (Fig. 3i ) because of fluid flow through sutured fractures. There are seldom fractures with single genesis, single occurrence or single scale separately occurring in the area. Fractures with various geneses and occurrences usually exist together with varying degrees of development. In this circumstance, it is hard to identify single-genesis or single-scale fractures by using conventional log curves. But it is possible and significant to quantitatively predict fractures in an interval.
Methods
We used some published techniques, i.e. resistivity difference-ratio and 3-porosity ratio, based on conventional logs to identify fractures in the North Truwa oilfield and validated the results with core and imaging log data. Both techniques were demonstrated to be of low credibility. In view of the complexity of fracture geneses and http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1603_28852898  2018, ALÖKI Kft., Budapest, Hungary occurrences, two techniques were combined to identify multi-genesis multi-occurrence fractures in carbonate rocks.
Resistivity difference-ratio
The resistivity close to and far away from the wellbore will be measured by deep and shallow resistivity logging. The resistivity around the wellbore will decrease if the mud in the wellbore flows into the formations through fractures (Babadagli and Al-Salmi, 2004). For high-angle fractures (above 75), both deep and shallow resistivity curves exhibit remarkable decrease, especially the shallow resistivity due to more impact of mud invasion on near-hole area. Consequently there is a positive difference between deep and shallow resistivity (Sibbit and Faivre, 1985) ( Fig. 4a) . The magnitude is much higher than that caused by the existence of pores. For low-angle fractures (below 30) or horizontal fractures, the mud may flowperpendicularly to the wellbore into the fractures far away from the wellbore; thus deep resistivity exhibits larger decrease than shallow resistivity because various fluids (oil, gas, water or mud) in the fractures have much lower resistivity than tight rocks. This negative difference reaches a maximum at the interval with horizontal fractures (Sima, 2009) (Fig. 4b) . Owing to the impact of fluids and filling materials in fractures, positive difference or zero difference may also occur in addition to negative difference at the interval with low-angle fractures. a b
Figure 4. Fractures and corresponding resistivity responses
Inaccordance with resistivity responses to fractures, the method of resistivity difference-ratio was widely applied to fracture identification and prediction (Sun et al., 1999 ; Dond et al., 2013) by using the equation RTC = (R t -R lls ) / R lls , where RTC is deep-shallow resistivity difference ratio, R lls is the shallow resistivity, R t is the true resistivity after invasion correction by R t = 2.589 R lld -1.589 R lls , and R lld is the deep resistivity.
In view of the uncertainty of resistivity difference for low-angle fractures, we substitute the deep resistivity with true resistivity to calculate the difference for fracture and pore discrimination. Generally at the interval with fractured hydrocarbon reservoirs, R t > R lls and RTC > 0; RTC shows positive anomalies higher than the base line. At the fractured interval with water or tight interval, R t ≈ R lls and RTC ≈ 0. 
Three-porosity ratio
Acoustic log curve also demonstrates some responses to the existence of fractures because of acoustic attenuation by fractures. At the fractured interval, later arrivals instead of the head wave will be recorded; thus the log curve exhibits increased acoustic time or cycle skip. This leads to large acoustic porosity. At the interval with high-angle fractures, there are no distinct responses on the curve because acoustic waves bypass the fractures as per the principle of least distance. At the interval with oblique, horizontal or net-shaped fractures, the log curve exhibits slightly jagged profile due to increased acoustic time or cycle skip caused by severe acoustic attenuation (He et al., 2014; Bian et al., 2011) ( Fig. 5) . Therefore the variations in acoustic porosity somewhat indicate the existence of fractures, especially horizontal, net-shaped and micro fractures (Sima et al., 2009; Wang et al., 2006) . Acoustic wave is compressional wave and thus more sensitive to matrix pores uniformly distributing in the rock and less sensitive to secondary dissolved pores irregularly appearing in the rock. In such a circumstance, the increment of acoustic porosity is small (Li et al., 2013) .
Figure 5. Responses of porosity logs to fractures
Neutron porosity and density porosity indicate the total porosity of matrix pores, secondary dissolved pores and fractures. The existence of fractures and secondary dissolved pores may lead to larger increments of neutron porosity and density porosity than that of acoustic porosity. In other words, the gap between total porosity (neutron porosity and density porosity) and acoustic porosity will increase at the interval with secondary dissolved pores and fractures.
The porosity difference-ratio, RP, is used for fracture characterization and defined as the function of neutron porosity N  , density porosity D  , acoustic porosity S  and total porosity T  , as shown by (Eqs . 1 and 2 When RP > 0, the development of secondary reservoir space such as fracture is indicated. A large RP indicates more secondary pore space including fractures, dissolved pores and microfractures.
Comprehensive probability density
The area has more low-angle fractures than high-angle fractures, so the resistivity difference-ratio method is inferior to 3-porosity ratio method in fracture identification. For both methods, only 55% of fractures could be identified on the average. It is hard to identify the fractures with multi-genesis, multi-scale and multi-occurrence by using a single method. Thus two methods were combined to determine the comprehensive probability density of fracture. The procedure is described as follows.
Step 1 (Eqs. 
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Step 2 (Eqs. 5, 6, 7 and 8): normalize RTC derived from the resistivity differenceratio method and RP derived from the 3-porosity ratio method, and then calculate corresponding probability density for fracture characterization. Step 3 (Eqs. 9 and 10): validate the results and feasibility for reservoir characterization by using core and imaging log data. The thickness of the fractured interval was calculated based on above two methods and core and imaging log data. The percentage of accuracy was then used as the weighting factor for each method. 
Results
As per the validation by core and image logs data from 5 wells, RTC results are more sensitive to high-angle fractures and less sensitive to low-angle and horizontal fractures; 82% of high-angle fractures on the average were identified and only 26% of low-angle fractures were identified. Due to the complexity of fracture occurrence, on the whole, 31.9-74.1% of fractures, with an average of 49.5%, were identified in the study area. As shown in Figure 6a , Well UT-1 was examined to have high-angle fractures at 2707-2714 m and the average dip angle is 70.6. The fractured interval was interpreted to be 1.8 m thick on the imaging log curve, which is reconciled with the thickness of 2 m in terms of high positive RTCs. As shown in Figure 6b , Well CT-20 was observed to have nearly horizontal fractures at 3164.4-3165.1 m and 3167.5-3168.1 m. The fractured intervals were interpreted to be 0.7 and 0.6 m thick, respectively. But on the RTC profile, the upper interval with apparent positive anomalies was interpreted to be a fractured interval of 0.6 m thick, whereas the lower interval with no distinct anomalies was interpreted to have 0 m fractured interval. This means only 46.2% of fractured intervals were identified. a b Figure 6 . RTC-based fracture identification
The Three-porosity ratio result was validated by core and imaging log data to be of limited accuracy. For example, the existence of low-angle fractures at 3101-3104 m in Well CT-20 is in agreement with high RP (Fig. 7a) and microfractures at 3213.47-3213.53 m in Well CT-4 is in agreement with the average RP of 5.7 (Fig. 7b) . The interval at 2600-2601 m in Well CT-10 with no fractures but with secondary dissolved pores also exhibits high RP (Fig. 7c) , whereas the interval at 2711-2712 m in Well UT-I with abundant high-angle fractures does not illustrate significant RP variations (Fig. 7d) . This means that the method is applicable to the identification of low-angle fractures and microfractures. The results are not affected by the existence of water layers but tend to be affected by secondary dissolved pores. In addition, high-angle http According to core and image logs, the P value of fracture development period is generally greater than 20%. Therefore, the position of 20% above the baseline of P value is used as the lower limit of fracture development, and the further the deviation from the baseline, the higher the degree of fracture development. Five cored wells were included in the calculation. The weighting factor for the resistivity difference-ratio method was estimated to be 0.395-0.531 with an average of 0.44; the factor for the 3porosity ratio method was estimated to be 0.469-0.635 with an average of 0.56 ( Table 1) . The average weighting factors were then used to calculate the comprehensive probability density, P. For these 5 cored wells, the percentage of accuracy (X RTC ) for the resistivity difference-ratio method was 31.9-74.1% with an average of 49.5% and the accuracy (X RP ) for the 3-porosity ratio method was 48-72.5% with an average of 61.5%. The accuracy for the comprehensive method was 68.01-77.4% with the increase by 23.8% and 11.8%, respectively, to 73.3% on the average. According to the weight http://www. 
Discussion
Lateral and vertical distributions of fractures ( Figs. 9 and 11) were delineated by the probability density calculated above. These maps and sections show that fracture distribution is related to sedimentation, karstification and tectonic movements (Braissant, 2003; Zhang et al., 2004) .
Laterally more fractures occur at the structural high of the anticline, where there are 3-4 zones rich in fractures. In lower Б and B layers, the appearance of more fractures at the structural high is attributed to large tectonic stress, where the probability density of fracture is high. The appearance of more fractures at the structural high in the upper layer A is related to two factors. One is large tectonic stress which gave rise to structural fractures. The other is the leaching process which was caused by the uplifting before the Permian Period and resulted in dissolved fractures at the structural high. Early fractures were also enlarged by the chemical erosion of atmospheric water. Thus both structural fractures and dissolved fractures occur at the structural high of the anticline in layer A.
In the intervals with shale content of 4%-6% and gypsum content of 0 in B2, the probability density of fracture is related to structural location. For the same lithofacies, the structural high tends to exhibit more fractures than the structural low (Andrea et al., 2016) ( Fig. 10) Vertically the appearance of fractures is dominated by sedimentary environment and varies with lithofacies. In lower B3-B5 with high shale content, fractures tend to occur in the intervals with high calcareous content instead of the ductile intervals with plastic deformation under tectonic stress (Lander and Laubach, 2015; Olson et al., 2009; Mauro et al., 2013) . The probability density of fracture is only 0.21 on the average in this layer. In middle Б1-B2 with minute shale content, limestone and dolomitic limestone tend to break under tectonic stress to form structural fractures; thus the probability density of fracture is 0.069-1 with an average of 0.32. In upper A with shallow water and high shale content, the evaporate platform with gypsum rocks has strong plasticity. Except local fractures at the structural high, other areas are less fractured. The probability density of fracture is 0. 28 Table 2 and Fig. 11 ). Generally the probability density of fracture is negatively correlated with shale and gypsum contents and positively correlated with calcareous (calcite) content. The dolomite in the study area is mainly powder crystalline dolomite. A reservoir rock with high dolomite content is usually less fractured due to its high porosity and consequent small brittleness. Thus the appearance of fractures is negatively correlated with dolomite content (Fig. 12) . Figure 11 . Vertical fracture probability density and lithologies 
Conclusions
Due to the impacts of sedimentary environment, karstification and tectonic movements, the North Truwa oilfield at the east margin of the Pre-Caspian Basin has various low-angle, high-angle and net-shaped structural fractures, dissolved fractures and sutured fractures. By using a single method, i.e. resistivity difference-ratio or 3porosity ratio, only 55% of fractures on the average were identified. The fracture probability density method which integrates above two methods improves the accuracy to 73.6%. The results show fracture distribution in this area is related to sedimentation, structure and diagenesis. Laterally dominated by structures and karstification, more fractures may occur at the structural high. Vertically dominated by lithofacies, more fractures occur in the brittle intervals with small shale and gypsum contents.
The purpose of carbonate reservoir fractures studing is to improve the of oil fields, so how and how much the fracture effect the production is strongly recommended to study in the future.
